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Proposal
Measurement of the Spin–Dependence of
the p¯p Interaction at the AD–Ring
(PAX Collaboration)
Abstract
We propose to use an internal polarized hydrogen storage cell gas target in the AD
ring to determine for the first time the two total spin–dependent p¯p cross sections σ1 and
σ2 at antiproton beam energies in the range from 50 to 450 MeV.
The data obtained are of interest by themselves for the general theory of p¯p interactions
since they will provide a first experimental constraint of the spin–spin dependence of the
nucleon–antinucleon potential in the energy range of interest. In addition, measurements
of the polarization buildup of stored antiprotons are required to define the optimum
parameters of a future, dedicated Antiproton Polarizer Ring (APR), intended to feed a
double–polarized asymmetric p¯p collider with polarized antiprotons. Such a machine has
recently been proposed by the PAX collaboration for the new Facility for Antiproton and
Ion Research (FAIR) at GSI in Darmstadt, Germany. The availability of an intense stored
beam of polarized antiprotons will provide access to a wealth of single– and double–spin
observables, thereby opening a new window on QCD spin physics.
A recent experiment at COSY revealed that e~p spin–flip cross sections are too small
to cause a detectable depolarization of a stored proton beam. This measurement rules
out a proposal to use polarized positrons to polarize an antiproton beam by
−→
e+p¯ spin–flip
interactions. Thus, our approach to provide a beam of polarized antiprotons is based on
spin filtering, using an internal polarized hydrogen gas target – a method that has been
tested with stored protons. We expect to produce a polarized antiproton beam with at
least ten orders of magnitude higher intensity than a secondary polarized antiproton beam
previously available.
Provided that antiproton beams with a polarization of about 15% can be obtained
with the APR, the antiproton machine at FAIR (the High Energy Storage Ring) could be
converted into a double–polarized asymmetric p¯p collider by installation of an additional
COSY–like ring. In this setup, antiprotons of 3.5 GeV/c collide with protons of 15 GeV/c
at c.m. energies of
√
s ≈ √200 GeV with a luminosity in excess of 1031 cm−2s−1.
The PAX physics program proposed for FAIR has been highly rated, and would in-
clude, most importantly, a first direct measurement of the transversity distribution of
the valence quarks in the proton, and a first measurement of the moduli and the relative
phase of the time–like electric and magnetic form factors GE,M of the proton.
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Introduction 9
1 Introduction
In this proposal the PAX collaboration lays out a plan to measure the polarization buildup in
an antiproton beam at the AD–ring at CERN by filtering with a polarized internal hydrogen
target. The study covers energies in the range from 50–450 MeV. The proposed staging for
the implementation of the experimental setup shall provide a smooth operation of the AD
ring for experiments using extracted beams.
The scientific objectives of this experiment are twofold. Firstly, a measurement of the
polarization buildup time yields values for the antiproton–proton spin–dependent total cross
sections. Apart from the obvious interest for the general theory of p¯p interactions, the know-
ledge of these cross sections is also necessary for the interpretation of unexpected features of
the pp¯, and other antibaryon–baryon pairs, contained in final states in J/Ψ and B–decays.
Secondly, an empirical verification of polarization buildup in a stored antiproton beam would
pave the way to a future high–luminosity double–polarized antiproton–proton collider, which
would provide a unique laboratory to study transverse spin physics in the hard QCD regime.
Such a collider has been proposed by the PAX Collaboration [1] for the new Facility for
Antiproton and Ion Research (FAIR) at GSI in Darmstadt, Germany, aiming at luminosities
of 1031 cm−2s−1. An integral part of the proposed machine is a dedicated, large–acceptance
Antiproton Polarizer Ring (APR).
For more than two decades, physicists have tried to produce beams of polarized antipro-
tons [2], generally without success. Conventional methods like Atomic Beam Sources (ABS),
appropriate for the production of polarized protons and heavy ions cannot be applied, since
antiprotons annihilate with matter. So far the only polarized antiproton beam has been pro-
duced from the decay in flight of Λ¯ hyperons at Fermilab. At polarizations P > 0.35, the
achieved intensities never exceeded 1.5 · 105 s−1 [3]. Scattering of antiprotons off a liquid hy-
drogen target could yield polarizations of P ≈ 0.2, with beam intensities of up to 2·103 s−1 [4].
Unfortunately, both approaches do not allow efficient accumulation in a storage ring, which
would be needed to enhance the luminosity. Spin splitting, using the Stern–Gerlach separa-
tion of magnetic substates in a stored antiproton beam was proposed in 1985 [5]. Although
the theoretical understanding has much improved since then [6], spin splitting using a stored
beam has yet to be observed experimentally. In contrast to that, a proof of the spin–filtering
principle has been produced by the FILTEX experiment at the TSR–ring in Heidelberg with
a proton beam [7].
The experimental basis for predicting the polarization buildup in a stored antiproton
beam by spin–filtering is practically non–existent. The AD–ring at CERN is a unique fa-
cility at which stored antiprotons in the appropriate energy range are available and whose
characteristics meet the requirements for the first ever antiproton polarization buildup stud-
ies. Therefore, it is of highest priority in the quest for polarized antiprotons to make use
of this opportunity, and to perform spin–filtering experiments using stored antiprotons at
the AD–ring of CERN. In preparation for the experiment at the AD, a number of dedicated
spin–filtering experiments will be carried out with protons at the Cooler Synchrotron COSY
at Ju¨lich, Germany in order to commission the needed equipment, and to gain additional
understanding of the accelerator physics aspects of the project.
10 Spin–Dependence of the p¯p Interaction at the AD
Physics Case 11
2 Physics Case
2.1 NN¯ Double-Spin Observables from Spin Filtering
The two double–spin observables, which can be measured by the spin–filtering technique, are
the spin–dependent cross sections σ1 and σ2 in the parametrization of the total hadronic cross
section σtot [8], written as
σtot = σ0 + σ1(~P · ~Q) + σ2(~P · kˆ)( ~Q · kˆ) , (1)
where σ0 denotes the total spin–independent hadronic cross section, σ1 the total spin–dependent
cross section for transverse orientation of beam polarization P and target polarization Q, σ2
denotes the total spin–dependent cross section for longitudinal orientation of beam and target
polarizations. (Here we use the nomenclature introduced by Bystricky, Lehar, and Winter-
nitz [9], where kˆ = ~k/|~k| is the unit vector along the collision axis.) Such observables would
improve substantially the modern phenomenology of proton–antiproton interactions based on
the experimental data gathered at LEAR (for a review and references, see [10]).
The suggested spin–filtering experiment at the AD of CERN constitutes a unique op-
portunity to measure for the first time these observables in the 50–450 MeV energy range.
The measurements of σ1 and σ2 will be carried out in the transmission mode. The sep-
aration of the elastic scattering and annihilation contributions to σ1 and σ2 requires the
integration of the double–polarized elastic cross section over the full angular range. Although
such measurements do not seem feasible with the anticipated luminosity using the former
HERMES internal polarized target installed at the AD, the obtained results on σ1 and σ2
for the total cross section would serve as an important constraint for a new generation of
baryon–antibaryon interaction models, which will find broad application to the interpretation
of the experimental data in heavy quark physics. Regarding the main goal of the proposed
experiment – the antiproton polarization buildup – the expectations from the first generation
models for double–spin dependence of pp¯ interaction are encouraging, see Fig. 1. With filter-
ing for two lifetimes of the beam, they suggest that in a dedicated large–acceptance storage
ring, antiproton beam polarizations of about 15 % seem within reach (see Fig. 3).
2.2 NN¯ Interaction from LEAR to J/Ψ and B-decays
The evidence for threshold enhancements in B− and J/Ψ–decays containing the baryon–
antibaryon pairs – pp¯, pΛ¯,Λp¯, etc. – was found recently at the modern generation electron–
positron colliders BES [14, 15, 16, 17], BELLE [18, 19, 20, 21], and BaBar [22, 23]. These
findings added to the urgency of understanding low and intermediate energy pp¯ interactions,
which appear to be more complex than suggested by the previous analyses [12, 24, 11, 25, 26]
of the experimental data from LEAR. The direct measurements of σ1 and σ2 would facilitate
the understanding of the role of antibaryon–baryon final state interactions, which are crucial
for the re–interpretation of the B–decay dynamics in terms of the Standard Model mechanisms
(see [27, 22, 28] and references therein). Especially strong theoretical activity ([27, 29, 30,
31, 32, 33, 34, 35, 36, 36, 37, 38, 39] and references therein) has been triggered by the BES
finding [14] of the pronounced threshold enhancement in the reaction J/Ψ → pp¯γ, including
the revival of the baryonium states [40, 41] in the pp¯ system [34, 35, 36, 36, 37, 38]. Equally
important is the recent confirmation by the BaBar collaboration [23] of the near–threshold
structure in the timelike form factor of the proton, observed earlier at LEAR [42], see the
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Figure 1: The spin–dependent cross sections σ1 and σ1 + σ2, cf. Eq. (1), as predicted by
the NN¯ models D [11], A [12] and OBEPF [13] of the Ju¨lich group.
theoretical discussion in [43, 44]. In conjunction with the BES enhancement, the LEAR–
BaBar data suggest a non–trivial energy dependence in both the spin–singlet and spin–triplet
pp¯ interactions, hence our special interest in σ1 and σ2. Still further interest in the subject
was triggered by the recent high statistics data on the J/Ψ → pp¯ω decay from the BES
collaboration [45]. The interpretation of these data in terms of the pp¯ final state interactions
and references to other approaches are found in [46].
2.3 Applications of Polarized Antiprotons to QCD Spin Studies
The QCD physics potential of experiments with high energy polarized antiprotons is enor-
mous, yet hitherto high luminosity experiments with polarized antiprotons have been im-
possible. The situation could change dramatically with the demonstration of spin filtering
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and storing of polarized antiprotons, and the implementation of a double–polarized high–
luminosity antiproton–proton collider. The list of fundamental physics issues for such a
collider includes the determination of transversity, the quark transverse polarization inside a
transversely polarized proton, the last leading twist missing piece of the QCD description of
the partonic structure of the nucleon. It can be directly measured only via double–polarized
antiproton–proton Drell–Yan production. Without measurements of the transversity, the spin
tomography of the proton would be ever incomplete. Other items of great importance for the
QCD description of the proton include the phase of the timelike form factors of the proton and
hard antiproton–proton scattering. Such an ambitious physics program has been formulated
by the PAX collaboration (Polarized Antiproton eXperiment) and a Technical Proposal [1]
has recently been submitted to the FAIR project. The uniqueness and the strong scientific
merits of the PAX proposal have been well received [47], and there is an urgency to con-
vincingly demonstrate experimentally that a high degree of antiproton polarization could be
reached with a dedicated APR [48].
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3 Polarizing antiprotons in the AD and proposed measure-
ments
3.1 Methods to polarize antiprotons
When some 25 years ago, intense antiproton beams became a new tool in nuclear and particle
physics, there was an immediate demand to polarize these antiprotons. At the time, there
was no shortage of rough ideas on how this might be accomplished [2], but, up to now, the
only polarized antiprotons available for use were in a secondary beam facility, which made
use of the decay of hyperons [3], and which was operating at Fermilab in the 1990s.
Only a few of the early ideas to polarize antiprotons are still considered today [49], and
they all aim at polarizing an ensemble of antiprotons that is orbiting in a storage ring. Spin–
1
2
particles have two possible spin projections. Polarizing a beam of such particles could be
accomplished by identifying and selectively discarding the particles in one of the two states.
The separation of the spin states could be accomplished via the interaction of the magnetic
moments with external fields (known as Stern-Gerlach effect), or via the spin dependence of
a nuclear reaction (known as spin filtering). While there is doubt that the former scheme is
feasible, the second method has actually been subjected to a successful experimental test [7].
A spin–1
2
beam could also be polarized if particles in one spin state would be moved
into the other state (by spin flipping). The advantage over the spin filter method is that
the precious stored beam is conserved by this process. Some time ago it was suggested that
such a spin flip may be induced by an interaction of the stored beam with polarized electrons.
Recently, the Mainz group [50] calculated a very large spin–flip probability in electron–proton
scattering at low energy (around 1 eV center–of–mass energy). The predicted cross sections
were so large that it would have become possible to polarize stored antiprotons by spin flip,
using a co–moving beam of polarized positrons [51] even at the low intensities at which
such a beam is currently available. However a competing calculation [52] disagreed with the
estimate of the Mainz group by 16 orders of magnitude and came to the conclusion that spin
flip in hadron–lepton scattering is not a viable mechanism to polarize a stored beam. The
discrepancy between the two theoretical estimates was resolved by a very recent, dedicated
experiment at COSY in which the depolarization of a stored, polarized proton beam scattering
from unpolarized electrons, was measured [53]. This experiment establishes an upper limit
for the spin–flip cross section that clearly rules out the estimate by the Mainz group [50, 51],
and for the time being the prospect of using spin flip to polarize a stored beam, at least until
a better idea provides new hope. Since the completion of the experiment, the calculations of
the Mainz group have been withdrawn [54, 55].
Thus, at this time, spin filtering is the only known method that stands a reasonable chance
of succeeding in the production of a stored beam of polarized antiprotons.
3.2 Spin filtering and measurement of spin dependence of the p¯p interaction
That a stored beam can be polarized by spin filtering has been demonstrated in the FILTEX
experiment at TSR, Heidelberg [7]. In this experiment, a 23–MeV, stored proton beam was
passing through an internal transversely polarized hydrogen gas target with a thickness of
6× 1013 atoms/cm2. The polarization buildup of the beam as a function of filter time t can
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be expressed as [7]
P (t) = tanh(t/τ1) , (2)
provided that the effect of depolarizing resonances can be neglected on a time scale of τ1.
Here, τ1 is the polarizing time constant. The induced beam polarization is parallel to the
target polarization. In FILTEX, a polarization buildup rate of
dP
dt
≈ 1
τ1
= 0.0124 ± 0.0006 per hour (3)
has been observed.
The polarization buildup has been interpreted in terms of the known pp spin–dependent
interaction (see, e.g., [56, 57]). It can be shown that the time constants for transverse (⊥) or
longitudinal (‖) filtering are given by, respectively
τ⊥1 =
1
σ˜1Qdtf
and τ
||
1
=
1
(σ˜1 + σ˜2)Qdtf
. (4)
Here, Q is the target polarization, dt is the target thickness in atoms/cm
2 and f is the
revolution frequency of the particles in the ring. The filtering cross sections σ˜1 and σ˜2 are
closely related to the spin–dependent total cross sections, σ1 and σ2, defined in Eq. (1). The
difference arises because antiprotons that scatter at a sufficiently small angle remain in the
ring. This is the case for scattering events with θ less than the acceptance angle θacc of the
machine downstream of the target.
In order to extract both spin–dependent total cross sections σ1 and σ2 from the observed
time constants [Eq. (4)], a measurement with transverse and longitudinal target (and therefore
beam) polarization is required. The latter involves the operation of a Siberian snake in the
AD. In addition, the acceptance angle θacc has to be known (typically 10 – 20 mrad, see
Sec. 3.3.1), because the spin–dependent cross sections σ˜1 and σ˜2 depend on θacc. Therefore,
Coulomb–nuclear interference at extreme forward angles θ < θacc must be taken into account.
For protons, where the interaction is purely elastic, this is accomplished using the existing
NN scattering databases SAID [58] and Nijmegen [59]. For antiprotons such a data base
does not exist yet, and since both elastic scattering and all annihilation channels contribute,
the corrected cross sections need to be calculated within a specific model.
Recently, a calculation was published of the spin–dependent cross sections in p¯p, p¯n,
and p¯d at intermediate energy, based on N¯N interaction models developed by the Ju¨lich
group [60]. While the unpolarized total cross sections reproduce the data quite well, the
predicted spin–dependence depends strongly on the interaction model chosen, emphasizing
the need for empirical information. It was also found that shorter buildup time constants
might be achieved using a polarized deuterium target. The polarized target to be installed
at the AD would be capable of providing polarized deuterium, so this option will be seriously
considered.
In addition to a test of the feasibility of polarizing antiprotons by filtering, the proposed
AD experiment will provide a measurement of the spin–dependent cross sections σ1 and σ2
as a function of energy from 50 to 450 MeV. First information will be obtained on the spin–
dependence of the antiproton–proton and the antiproton–deuteron interaction. These data
will represent a crucial test of current and emerging theoretical models.
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3.3 AD machine properties
3.3.1 Acceptance and beam lifetime expectation
The stored beam intensity decreases with time because of reactions and scattering outside
the machine acceptance. Most of these events occur in the internal target. The beam lifetime
depends thus on the target thickness. For a given production rate of polarized atoms, the
target thickness depends on the diameter of the storage cell. The opening in the storage
cell, in turn, affects the machine acceptance, and one is faced with an optimization problem.
Possible optimization criteria are the polarization buildup rate, the beam remaining after
filtering, or the statistical accuracy of a polarization measurement.
Figure 2: Left panel: Acceptance angle θacc versus the diameter of the storage cell . Right
panel: Estimated beam lifetime as a function of the beam energy for the storage cell diam-
eters 0.8 cm (red), 1.0 cm, (blue), and 1.2 cm (brown).
As an example, the left panel of Fig. 2 shows the dependence of the acceptance angle in
the AD as a function of the diameter of a storage cell at the PAX target. This relation uses
a machine acceptance of Ax = 200 µm and Ay = 180 µm and a 2σ beam emittance of 1 µm
in both planes [61]. The right panel shows predicted beam lifetimes for three different cell
diameters. It is assumed that the beam losses occur entirely in the target, taking into account
Rutherford scattering and the p¯p total cross section.
3.3.2 Beam intensity
At present, the AD provides about 3 × 107 stored antiprotons. We anticipate that by the
development of stacking techniques one may be able to increase this number by about a factor
of five [62]. With about 108 stored antiprotons, a luminosity of L = Np¯·f ·dt = 108·106 s−1·1014
atoms/cm2 = 1028 cm−2s−1 will be achievable.
Keeping in mind that after spin filtering for a few beam lifetimes a substantial remaining
beam intensity is needed in order to measure the beam polarization, it is fairly important to
dedicate some development effort towards increasing the number of antiprotons stored in the
AD. Obviously, other experiments at the AD would also benefit from such a development.
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3.3.3 Polarization lifetime expectation
The spin tune is the number of rotations of the magnetic moment of a particle during one
turn around the ring. Depolarizing resonances arise when the horizontal and vertical tune,
the orbit frequency and the synchrotron frequency, or combinations thereof, are related in a
simple way to the spin tune. As an example, an intrinsic resonance occurs when the (e.g.)
horizontal tune and the spin tune are an integer multiple of each other. More complicated
resonance conditions are possible and lead to (usually weaker) resonances. Near a resonance,
the spin motions of individual particles start to differ, and the beam depolarizes.
Experimental studies of the polarization lifetime in a storage ring have been carried out
at the Indiana Cooler [63, 64]. It was found that the polarization lifetime increases rapidly
with distance from the resonance, and quickly becomes so long as to be difficult to measure.
Thus, for the Cooler experiments it was sufficient to avoid the immediate proximity to any
low-order resonance.
For experiments involving long filtering times, the conditions on the preservation of polar-
ization are more stringent and higher–order resonances could become an issue. We anticipate
that in preparation for the experiments at the AD a careful study of depolarizing resonances
will be needed, in order to guarantee that the polarization lifetime is much longer than the
buildup time.
3.4 Anticipated polarization buildup in the AD
In this section we present an estimate of the anticipated polarization buildup by filtering. For
the spin–dependent p¯p interaction we are using two different models (models A and D of ref.
[60]). The solid lines are calculated for different cell diameters, and correspond to the curves
in the right panel of Fig. 3; the dashed line is for the theoretical acceptance angle limit of 25
mrad.
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Figure 3: Estimated beam polarization after two beam lifetimes of filtering (corresponding
to a factor of about 7 decrease in the number of stored antiprotons) as function of the
beam energy. The panels on the left and on the right are for transverse and longitudinal
polarization, respectively. The panels in the top and bottom rows are for models A and
D [60], respectively. The solid lines correspond to different cell diameters (see caption,
Fig. 2).
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4 Polarimetry of beam and target
The primary quantity measured in this experiment is the polarization of the stored beam.
Vertical beam polarization is measured by observing the left–right p¯p scattering asymme-
try. This asymmetry is given by the product of the beam polarization and the analyzing power.
The ~¯pp analyzing power, of course, has never been measured but is related to the p¯~p analyz-
ing power by CPT symmetry. In our energy range, angular distributions of the p¯~p analyzing
power have been measured at LEAR by experiment PS172 [65] at fifteen momenta, ranging
from 497 to 1550 MeV/c, and by experiment PS198 at 439, 544, and 697 MeV/c [66, 67].
Most of the data are shown in Fig. 4. It is important to realize that our experiment generates
its own p¯~p analyzing powers, since, at least during the early part of the filtering process,
the (still) unpolarized antiproton beam is interacting with a hydrogen target of known, large
polarization.
Figure 4: Analyzing powers in p¯~p scattering [66, 65, 67].
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In order to avoid contributions from other spin observables, it is assumed that during the
polarization measurement the target is unpolarized. This is easily achieved by averaging data
taken with spin up and down, or by injection of unpolarized H2 into the cell (see Sec. 5.3.6).
Longitudinal beam polarization could only be directly measured when the spin–correlation
coefficients were known. Thus, in this case, before measuring the beam polarization, the spin
alignment axis at the target must be turned from longitudinal to vertical by adiabatically
turning off the Siberian snake. It is interesting to note that with the polarized internal target,
a determination of the longitudinal spin correlation coefficient Azz in elastic ~¯p~p scattering
becomes possible. Once this parameter is established, the longitudinal beam polarization
could be determined directly.
The target polarization will either be measured using known p¯p analyzing powers or by
the Breit–Rabi polarimeter that analyzes a fraction of the atomic beam that is generated
in the target source (see Sec. 5.3.3). The target density can be either obtained from the
observed deceleration of the stored beam when the electron cooling is switched off, as shown
in refs. [68, 69], or it can be inferred from the measured rates in the polarimeter using the quite
well established elastic antiproton–proton differential cross sections, measured at LEAR [10].
The detector system needed to observe p¯p scattering is quite similar to the one that has
recently been developed for the ANKE spectrometer operated at COSY [70]. This system
uses microstrip detectors in close proximity to the luminous target volume (see ref. [53], and
also Sec. 5.4).
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5 Experimental setup for the AD–ring
At present, the AD of CERN is the only place world wide, where the proposed measurements
can be performed. The effort involved is substantial. Although we will perform most of the
design and commissioning work outside of CERN many aspects in the design require a close
collaboration with the CERN machine group. The new components that need to be installed
in the AD are described in the following sections. They shall all be tested and commissioned
at the Cooler Synchrotron COSY in Ju¨lich. During these tests we plan to perform dedicated
spin–filtering experiments with protons.
5.1 Overview
The measurement requires implementing a Polarized Internal storage cell Target (PIT) in
the straight section between injection and electron cooling of the AD (see Fig. 5). Polarized
Figure 5: Floorplan of the AD showing the foreseen locations of the polarized internal
target, the upgraded electron cooler and the Siberian snake.
internal targets represent nowdays a well established technique with high performance and
reliability shown in many different experiments with hadronic and leptonic probes. Targets
of this kind have been operated successfully at TSR in Heidelberg [71], later on they were
also used at HERA/DESY [72], at Indiana University Cyclotron Facility and at MIT–Bates.
A new PIT is presently operated at ANKE–COSY [73, 74]. A recent review can be found in
ref. [75]. Typical target densities range from a few 1013 to 2× 1014 atoms/cm2 [72]. The
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Figure 6: Full installation foreseen at the AD for the straight section between injection and electron cooling. (The beam moves from right
to left.) Shown in red are the existing AD quadrupole magnets that define the up– and downstream boundaries of the low–β insertion. The
magnets show in yellow are spare COSY straight section (long) and arc (short) quadrupole magnets. Two additional short quadrupoles have
been recuperated from the CELSIUS ring (blue). The atomic beam source is mounted above the target chamber that houses the detector system
and the storage cell. Three sets of Helmholtz coils providing magnetic holding fields along x, y, and z are mounted on the edges of the target
chamber (brown). The Breit–Rabi target polarimeter and the target–gas analyzer are mounted outwards of the ring. Fast shutters are used on
the target chamber on all four main ports. The complete section can be sealed off from the rest of the AD by valves (installed between the
yellow and red quadrupole magnets).
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target density depends strongly on the transverse dimension of the storage cell. In order to
provide a high target density, the β–function at the storage cell should be about βx = βy =
0.3 m. In order to minimize the β–functions at the cell, a special insertion is proposed, which
includes additional quadrupoles around the storage cell (see Fig. 6). The low–β section should
be designed in such a way that the storage cell limits the machine acceptance only marginally.
A careful machine study has been carried out in order to maintain the machine performance
at injection energy and at low energies for the other AD experiments.
We will utilize the PIT formerly used at HERA/DESY, which has already become available
at the beginning of 2006, to feed the storage cell. The target will be operated in a weak
magnetic guide field of a about 10 G. The orientation of the target polarization can be
maintained by a set of Helmholtz coils in transverse and longitudinal directions.
5.2 Low–β section
The operation of the polarized target requires transporting the stored beam through the
narrow storage cell. Since at injection into the AD at 3.57 GeV/c, the beam is not yet
cooled, the apertures in the target region shall not be restricted by the storage cell. For
the measurements proposed here, the beam is ramped down to the energies of interest (50–
450 MeV). There, the machine optics is squeezed by applying stronger focussing using the
additional quadrupole magnets shown in Fig. 6, and only after this is accomplished, the
storage cell is closed. The two situations are depicted in Fig. 7 in terms of the betatron
amplitudes in the low–β insertion.
The operation of the AD implies that the storage cell must be opened at injection until the
beam is ramped down to experiment energy and the ’squeezed’ optics is set up. In Fig. 8, the
beam envelopes E(x) and E(y) are shown based on the β–functions from Fig. 7 (left panel)
using E(x, y) =
√
Ax,y · βx,y and the nominal AD machine acceptances of Ax = 200 µm and
Ay = 180 µm.
Figure 7: Twiss functions and dispersion in the low–β insertion for the PAX installation
at the AD. The machine optics at injection energy (3.57 GeV/c) is shown in the left panel.
After the beam has been ramped down to the experiment energies in the range of 50–450
MeV, the machine optics is squeezed (right panel) by fully powering on the additional six
quadrupole magnets (see Fig. 6) for operation of the polarized target. The center of the
storage cell is located at 45.608 m.
26 Spin–Dependence of the p¯p Interaction at the AD
Figure 8: Beam envelope in the PAX low–β insertion when the beam is injected into the
AD. The center of the storage cell is located at 45.608 m.
Prior to the development of a solution of the low–β section based on normal–conducting
quadrupole magnets, shown in Fig. 6, the PAX collaboration spent a considerable effort on
the development of superconducting (SC) quadrupole magnets. The main disadvantage of
SC magnets is that for their application at the AD, they would need to be ramped as quickly
as the normal–conducting magnets in order not to affect adversely the normal AD operation
with its fast downramp. Otherwise, the only feasible solution would have been to install the
complete low–β section for the PAX measurements, and to de–install it afterwards. A brief
description of the development work on SC quadrupole magnets can be found in ref. [76]. We
are currently building a short SC racetrack coil for a prototype of such a quadrupole magnet.
5.3 Polarized internal target
The PAX experiment will make use of the target previously employed at HERMES, an exper-
iment at HERA–DESY [72] which stopped operating the target in 2005 and concluded unpo-
larized data taking in 2007. Meanwhile, the target and the polarimeter have been relocated
to Ju¨lich and put back into operation. At COSY, a number of spin–filtering measurements
with protons will be carried out, and the experimental setup for AD experiments proposed
here will be commissioned.
The PAX target arrangement is depicted in Fig. 9. It consists of an ABS, a storage cell,
and a Breit–Rabi polarimeter (BRP). H or D atoms in a single hyperfine–state are prepared
in the ABS and injected into the thin–walled storage cell. Inside the target chamber, the cell
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Figure 9: Left panel: The PAX target at the AD. The atomic beam source (ABS) is mounted
on top of the target chamber which houses the storage cell and the detector system. The
antiproton beam passes through the target from behind. The Breit–Rabi polarimeter (BRP)
on the right is fed by a small sample beam extracted from the storage cell. Right panel:
The ABS and the BRP with a small test chamber set up in Ju¨lich.
is surrounded by the detector system (see Sec. 5.4). As shown in Fig. 10, a small sample of the
target gas propagates from the center of the cell into the BRP where the atomic polarization
is measured. Simultaneously the sampled gas enters the Target Gas Analyzer (TGA) where
the ratio of atoms to molecules in the gas is determined. A weak magnetic holding field
around the storage cell provides the quantization axis for the target atoms (coils indicated in
brown on the edges of the target chamber in Fig. 9, left panel); it can be oriented along the
transverse (x), vertical (y), or longitudinal (z) direction.
With respect to the setup of the target used at HERMES, two major modifications have
been implemented:
1. Fast switching of the target between operation with H and D without changes to the
hardware.
2. Design and realization of an openable storage cell.
Both aspects are addressed in detail in the following, including a short description of the main
components of the target.
5.3.1 Atomic beam source
The atomic beam source consists of a dissociator, a powerful differential pumping system, a
beam forming system, a sextupole magnet system to focus atoms with mS = +
1
2
into the
storage cell, and a set of adiabatic high–frequency transitions to manipulate the hyperfine
population of the atomic beam. Injected fluxes of ΦABS ≈ 6.5 × 1016 atoms/s in case of
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Figure 10: Schematic view of the target setup with the sextupole magnet systems and the
radio-frequency transition units.
hydrogen (2 hyperfine states injected) and ΦABS ≈ 5.8 × 1016 atoms/s in case of deuterium
(3 states injected) have been observed. A schematic of the ABS is depicted in Fig. 10. A
detailed description of the HERMES ABS and its performance can be found in ref. [77].
During the polarization buildup measurements for spin–filtering with antiprotons, the
ABS will inject a vector polarized beam, both for H and D into the storage cell. For weak
magnetic holding fields B ≪ Bc (BHc = 507 G for hydrogen, and BDc = 117 G for deuterium)
this can be accomplished by the use of pure hyperfine states. The injected states together
with the status of the HF–transition units are given in Table 1.
5.3.2 Storage cell
As shown in Fig. 8, the beam sizes at injection before cooling are much larger than the
anticipated 10 mm diameter of the storage cell. In order to be compatible with the antiproton
beam operation at the AD, a dedicated storage cell has been developed that can be opened
and closed at different times during the AD cycle. In particular at injection energy, a free
space of 100 mm diameter is required at the cell position. As a compromise between density
and acceptance angle, the closed cell has a square cross section of 10× 10 mm2 and a length
of 400 mm. In order to allow for the detection of low–energy recoil particles, the cell walls
are made from a thin (5 µm) Teflon foil, a technique developed for the same reason for
experiments at the Indiana Cooler [78]. A prototype of the cell has been designed and
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HFT inj. states Pe Pz Pzz
H MFT 2–3 | 1 〉 +1 +1 –
D SFT 2–6, MFT 3–4 | 1 〉 +1 +1 +1
Table 1: ABS injection modes during data taking. The table shows the high frequency
transition (HFT) units employed, the hyperfine states injected into the storage cell and the
resulting electron (Pe), nuclear (Pz) and tensor (Pzz) polarizations in the ideal case of 100%
efficiency of the sextupole system and transition units.
produced in the mechanical workshop of Ferrara University, where also the target cell for
the HERMES experiment [79] was built. At this moment, a test of the cell is carried out at
Ju¨lich. Photographs of closed and open cell are shown in Fig. 11. A CAD view of the storage
cell arrangement inside the target chamber is also shown in Figs. 13 and 15.
Figure 11: View along the beam direction of the prototype of the openable storage cell
with the thin Teflon walls when opened (left panel) and closed (right). A CAD view of the
mechanics of the openable storage cell together with the detector system is shown in Figs. 13
and 15 (right panel).
5.3.3 Target Gas Analyzer and Breit–Rabi Polarimeter
Although the recombination of target atoms into molecules on the cell surface is small, an
accurate determination of the total target polarization based on the measured polarization of
the atoms using the the BRP takes into account also the molecular fraction. The target gas
analyzer (TGA) measures the atomic and molecular content of the gas extracted from the
storage cell through the sample tube. The TGA arrangement consists of a chopper, a 90◦ off–
axis quadrupole mass spectrometer (QMS) with a cross beam ionizer and a channel electron
multiplier (CEM) for single ion detection. The TGA is integrated into the sextupole chamber
of the BRP, which is pumped by two cryopumps and a titanium sublimation pump, with a
total pumping speed of about 7000 ℓ s−1. During operation, the pressure in the TGA detector
is about 4·10−9mbar. Prior to normal operation, the TGA vacuum chamber is baked at
temperatures up to 180 ◦C for 48 hours. The BRP/TGA vacuum scheme is shown in Fig. 12.
The TGA is mounted 7◦ off–axis with respect to the BRP, in order not to interfere with the
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Figure 12: Schematic view of the BRP/TGA vacuum system. The sample beam exits the
storage cell and travels from left to right.
beam entering the polarimeter. A chopper rotating at a frequency of 5.5 Hz is periodically
blocking the sample beam in order to allow subtraction of the residual gas signal. Particles
entering the detector are ionized by electrons, mass filtered with the QMS, and finally detected
by the CEM. A detailed description of the hardware and working principle of the HERMES
Target Gas Analyzer can be found in ref. [80].
The Breit–Rabi polarimeter (BRP) measures the relative populations ni of the hyperfine
states of hydrogen (or deuterium) atoms contained in the sample beam. From this measure-
ment the absolute atomic polarizations can be calculated by applying the known field strength
at the target. A schematic view of the BRP is shown in Fig. 10. From left to right, the sam-
ple beam leaves the sample tube of the target cell, encountering first two hyperfine transition
units, then a sextupole magnet system and eventually the detector stage. During operation
a differential pumping system keeps the pressure at 2×10−9mbar in the sextupole chamber
and at 2.5×10−10mbar in the detector chamber. Two transition units are used to exchange
the populations between pairs of hyperfine states: a strong field transition unit (SFT) with
tilted resonator that can be tuned for both π and σ transitions, and a medium field transition
(MFT) unit that can induce various π transitions according to the static field strength and
gradient setting used. The sextupole system is composed of two magnets and spinfilters the
sampled beam from the storage cell by focusing atoms with ms = +
1
2
towards the geometrical
axis of the BRP and defocusing atoms with ms = −12 . A beam blocker of 9 mm diameter
placed in front of the first sextupole magnet ensures that no atoms in ms = −12 states can
reach the detector. The detector stage is identical to the one employed for the target gas an-
alyzer: a cross beam ionizer, a quadrupole mass spectrometer (QMS) and a channel electron
multiplier (CEM). In contrast to the TGA, only hydrogen (or deuterium) atoms are detected
by the BRP. A detailed description of the hardware and working principle of the HERMES
Breit–Rabi polarimeter is given in ref. [81].
We plan to use the Breit–Rabi polarimeter both for polarized target operation with hy-
drogen and deuterium:
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• Hydrogen operation: For the spin–filtering measurement with hydrogen the target
polarization can be determined by making use of the known p¯p analyzing power. At
other energies where no analyzing powers are available, the BRP will provide the cali-
bration standard by determining the target polarization. In addition, the measurement
of the target polarization with the BRP will serve as an important monitor of the ABS
and the performance of the storage cell target.
• Deuterium operation: Spin filtering an antiproton beam with a vector polarized
deuterium target may well prove to be more efficient than using hydrogen. In view of the
absence of measured p¯d polarization observables, the BRP will provide during the AD
studies the only calibration standard to convert measured asymmetries into polarization
observables. This entails also the determination of the target polarization during spin–
filtering measurements with polarized deuterium. One option for the measurement
of the resulting beam polarization is to operate the target during the spin–filtering
measurement with deuterium and then inject unpolarized hydrogen into the storage cell
to make use of the known p¯p analyzing powers. The first spin–observables for p¯d can
already be measured after a beam polarization has been produced through spin filtering,
when under these conditions, the polarized target is operated with deuterium (see also
Sec. 4).
Figure 13: CAD view into the target chamber, the beam passes through from right to left.
The detector system is composed of up to in total 36 double–sided silicon strip detectors
around the 400 mm long storage cell target. (Only half of them are shown here. The third
detector layer is an upgrade option.) Outside of the target chamber, the three pairs of
Helmholtz coils are indicated (brown). The movable collimator system used to restrict the
gas flow from the target chamber into the adjacent chambers up– and downstream is shown
in green.
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5.3.4 Dedicated modifications for the PAX experiment
The BRP employs two sets of rf–resonators, one for hydrogen, and one for deuterium oper-
ation. The frequency for two–level transitions (∆F = ±1) is of the order of the hyperfine
splitting energy (∆W) at B = 0. For H it corresponds to the transition F = 0 → F = 1 at
B = 0, the famous 21 cm–line in the cosmic microwave background. The transition frequen-
cies in hydrogen (deuterium) ∆W/h are 1421.4 Mhz (327.4 MHz).
The polarized target at the HERMES experiment has been operated for long periods with
one target species only (H or D). In order to switch from H to D or vice versa, the resonating
structures had to be exchanged, and a tedious tuning procedure had to be performed. The
studies at the AD require to operate the BRP consecutively with H and D (or vice versa)
with very short time intervals in between. Therefore, a system of resonators is required which
can operate at frequencies for H and D without modifications in the setup. In addition, the
magnetic component of the rf–field should be tilted by 45◦ with respect to the static field
in order to allow both for σ and π transitions (∆mF = 0 and ±1, respectively). If a single
cavity can serve for both H and D operation, the existing hardware could be used, like static
field magnets and the vacuum system. For the above mentioned reasons, a dual cavity for the
PAX target polarimeter has been built which provides rf–field configurations for two–level
transitions, both for hydrogen and deuterium in a tilted–field geometry. In particular, two
independent pairs of resonator rods with separate coupling and pick–up loops are arranged
parallel to the beam axis in two planes tilted by ±45◦ with respect to the median plane. It
has been demonstrated that they can be tuned independently to their respective transition
frequencies at about 1430 MHz (H) and 330 MHz (D) without interference. The details of
the development can be found in ref. [82].
5.3.5 Target chamber and vacuum system
The target chamber hosts the storage cell and the detector system (Fig. 13). The target
section has to be equipped with a powerful differential pumping system, that is capable to
maintain good vacuum conditions in the adjacent sections of the AD. The target chamber
can be separated from the up– and downstream sections of the beam pipe by two fast gate
valves capable to close within ≈15 ms. The vacuum system of the target chamber includes
two turbo molecular pumps with 1600 ℓ/s pumping speed, backed by smaller turbo molecular
pumps and a dry forevacuum pump. In addition, a large cryogenic pump with a nominal
pumping speed of about 20000 ℓ/s, mounted directly below the target chamber, will ensure
that most of the target gas exiting the storage cell is pumped away in the target chamber
(see Fig. 14).
Flow limiters installed between the target chamber and the adjacent up– and downstream
beam pipes reduce the gas load into these sections. These beam pipes will be coated with
Non–Evaporable Getter (NEG) material to ensure a pumping speed per section of ≈ 3000 ℓ/s.
It is necessary to activate and regenerate the NEG material at temperatures of 230–250◦C.
Assuming an atomic beam intensity of 6 × 1016 atoms/s (two states injected) and a pump-
ing speed of 20000 ℓ/s in the target chamber, the expected chamber pressure during target
operation would be about 1.7×10−8 mbar. With flow limiters of 30 mm diameter at the exit
and entrance of the target chamber (see Fig. 13), the total flux from the storage cell and
the target chamber into the adjacent beam pipes will correspond to about 2× 1014 atoms/s,
resulting in a pressure in the 10−9 mbar range in the up– and downstream sections.
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Figure 14: Vacuum system at the target chamber
5.3.6 Unpolarized gas feed system
One option to measure the beam polarization exploits the analyzing power of elastic p¯~p
scattering (see also Sec. 4). After spin–filtering with polarized H or D targets, it is possible
to interrupt the atomic beam from the source and to inject unpolarized H2 (or any other
gas species) into the storage cell. To this end, an Unpolarized Gas Feed System (UGFS) is
used to inject calibrated gas fluxes into the storage cell through a separate feeding tube. The
UGFS is capable to produce gas flows in the range of 1014 to 1018 H2/s.
5.3.7 Target holding field and compensation coils
The target holding fields are generated by racetrack coils mounted on the outside of the target
chamber (see Fig. 9 (left panel), and Fig. 13). Three pairs of coils provide a holding field in
x, y, and z direction. The coils generating the x and y (transversal) fields carry about 750
Ampere×turns (cross section 13 × 13 mm2), while the longitudinal coils carry about 1125
Ampere×turns. The average field generated by the transverse coils at the cell is 1.18 mT and
almost constant, while the longitudinal field varies from 1.0 to 1.5 mT. The integrated field in
beam direction is 0.77×10−3 Tm and 2.81×10−3 Tm, respectively for the transversal and the
longitudinal case. The transverse field causes a transverse displacement of the stored beam
which will be compensated by short magnets placed on the beam pipe in front and behind
the target chamber. For a beam momentum of 300 MeV/c, the angle kick at the target due
to the transverse holding field (without compensation) corresponds to < 1 mrad.
5.3.8 Vacuum interlock and safety
One gate valve per large turbomolecular pump will isolate the pumps from the target chamber
in case of necessity. If one of the two turbomolecular pumps fail, the corresponding gate valve
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will close immediately. The forevacuum pump keeps the vacuum below the gate valve to
reduce leakage through the gate valve. The complete low–β insertion can be sealed off from
the rest of the AD by two gate valves (shown in Fig. 21).
All main ports at the target chamber will be equipped with fast shutters capable to close
within 15 ms, i.e. the up– and downstream ports at the target chamber towards the AD, the
valve connecting the ABS to the target chamber, and the valve towards the BRP.
5.4 Detector system
The PAX collaboration is developing a detector system to efficiently determine the polariza-
tions of beam (or target) by measuring the polarization observables in p¯p elastic scattering.
The detector has been designed to meet the following requirements:
• provide a measurement of polarization observables in both pp (at COSY [83]) and p¯p
elastic scattering at AD [84];
• operate in vacuum to track low–momentum particles in the kinetic energy range from
a few to a few tens of MeV;
• allow for the antiproton beam envelope at injection and allow for the storage cell to be
opened during injection at the AD;
• provide large coverage of solid angle and luminous volume.
Beam
Figure 15: Left panel: Sketch of the silicon detector, drawn by the simulation package,
surrounding the target cell. (The third detector layer is an upgrade option.) The Teflon cell
walls are shown in violet, the aluminum target frame in sky blue, and the sensitive modules
in yellow. Right panel: The complete system with openable storage cell support and gear,
silicon detector frames, and kapton connection to the front–end electronics. (Only half of
the detectors are shown.)
5.4.1 Detector configuration
The detector system is based on silicon microstrip detectors and the design follows closely the
one recently developed at IKP [73] for the ANKE experiment at Ju¨lich. A detailed description
of the ANKE detector system can be found in ref. [85].
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The PAX detector is based on two layers of double–sided silicon–strip sensors of large
area (97 × 97 mm2) and standard thickness of 300 µm. Eventually, the number of silicon
layers can be increased to three to provide redundancy of the obtained track information. A
pitch of 0.76 mm provides the required vertex resolution of about 1 mm, while minimizing
the number of channels to be read out.
The detector setup, shown in Fig. 15, is placed around the 400 mm long and 10× 10 mm2
cross section of the storage cell. Three adjacent detector layers along the beam direction cover
the central and forward sections of the storage cell in order to maximize the acceptance for
elastic scattering. Events occur mainly in the central region of the cell where the target density
has its maximum. The minimum radial distance of the inner silicon layer is defined by the
space required for the injection tube and the movement of the cell at injection. The 10 mm
radial distance between two silicon layers is chosen to maximize the azimuthal acceptance
while preserving the resolution on the vertex.
The read–out electronics (see Fig. 16) are based on a scheme that has been developed for
the ANKE detector at COSY. The in–vacuum board carries the read–out chips with 11 MeV
linear range, and a time resolution of better than 1 ns, sufficient to provide a fast signal for
triggering. The interface card outside the vacuum provides power supplies, control signals,
trigger pattern threshold and calibration pulse amplitudes to the front–end chips. The vertex
board developed at Ju¨lich comprises a sequencer together with a 12 bit ADC with 10 MHz
sampling; it allows common–mode correction for hardware zero–suppression to reduce the
output flow to 0.1 MByte/s with less than 50 µs dead–time. A programmable trigger and a
prescaler board have been developed to provide a flexible trigger logic.
Figure 16: The developed electronic chain: In–vacuum boards with self–triggering chips
(left panel), front–end interface boards (center), and complete vertex board with 12 bit ADC
and sequencer (right panel).
5.4.2 Detector simulations
For the detector optimization and performance estimate, i.e. regarding the uncertainty in
the measured kinematical parameters and the background rejection capability, the original
software based on the GEANT4 [86] package was used.
A 400 mm long target cell of 10 × 10 mm2 cross-section and 10 µm thick Teflon walls is
assumed. The simulation accounts for the cell frames and the injection tube for polarized gas
from the atomic beam source (see Fig. 15). The description of the mechanical parts of the
target and the corresponding drawings can be found in ref. [87]. The vertex (interaction point)
is randomly generated, depending on the target gas density distribution and the transverse
36 Spin–Dependence of the p¯p Interaction at the AD
vertex X,  mm
-6 -4 -2 0 2 4 6
n
u
m
. 
o
f e
ve
nt
s
0
10000
20000
30000
40000
50000
60000
70000
80000
Beam profile X
vertex Y,  mm
-6 -4 -2 0 2 4 6
n
u
m
. 
o
f e
ve
nt
s
0
10000
20000
30000
40000
50000
60000
70000
80000
Beam profile Y
vertex Z,  mm
-200 -150 -100 -50 0 50 100 150 200
n
u
m
. 
o
f e
ve
nt
s
0
2000
4000
6000
8000
10000
12000
14000
16000
Target density distribution
Figure 17: The spatial distribution of the generated p¯p interaction vertices in the target.
beam size (see Fig. 17). Three beam energies (43, 120 and 220 MeV) have been chosen as
representative for the anticipated measurements at the AD, as listed in Table 2.
Beam energy MeV 43 120 220
Beam momentum MeV/c 286 491 679√
s MeV 1897.9 1935.6 1983.5
σtot mb 250 175 145
p¯ annihilation in material % of events 16.4 6.7 0.7
Table 2: Simulated beam energies and relevant parameters.
In order to estimate the accepted event rate, the total cross section σp¯ptot has been taken
from ref. [10]: it ranges from 250 mb at 43 MeV to 145 mb at 220 MeV beam energy. The
primary interaction of the p¯ beam with the proton target is divided into three sub–processes:
elastic, inelastic (annihilation), and charge-exchange. Each of these are separately simulated
with relative intensities taken from ref. [10].
1. p¯p→ p¯p elastic scattering (33% of σtot) is based on model predictions of the differential
cross section dσ/dΩ and the analyzing power Ay [11, 12, 13];
2. p¯p→ X inelastic interactions (60% of σtot) are simulated by the chirally invariant phase–
space decay model (CHIPS) [88], included in GEANT4; the laboratory momentum
spectra of all secondaries are almost independent of the antiproton beam energy, since
they are defined by the center–of–mass energy (
√
s) which is dominated by p¯ and p
masses, see Table 2, thus the conditions for detector are the same for all energies. The
inelastic interaction produces the primary background.
3. p¯p → n¯n charge exchange scattering (7% of σtot) is based on the experimental data
taken from [10] because the CHIPS model does not agree with them. Charge–exchange
scattering is not expected to produce background, since most likely it does not generate
any signal in the silicon detector. Nevertheless, the events are accounted for in the
simulation.
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Electromagnetic interactions of antiprotons with material (ionization losses and multiple
scattering) do not differ from those for protons. Elastic and inelastic hadronic interactions of
antiprotons with matter are generated using the parametrized interaction models of GEANT4.
The CHIPS model [88] makes possible to simulate p¯ annihilations in different materials. The
model is well tested for p¯p annihilation interactions using two–particle final state branching
ratios. The model is also used for annihilation at rest of some antiparticles π−, K−, Σ−, Σ−,
τ−, etc.
In Fig. 18, the energy depositions in the first silicon layer is shown for 120 MeV beam
energy as a function of the scattering angle in the laboratory frame ϑlab. The response of
the second layer is almost the same. In all calculations, the intrinsic detector resolution on
∆E was considered to be much better than fluctuations. Signals below 0.5 MeV correspond
to background energy deposits (mainly from pions) and were removed. The angular range
of stopped protons, between 80◦ and 90◦ (left panel), correspond to the angular range of
antiproton annihilations (right panels). The number of stopped protons is two orders of
magnitude larger than that of antiprotons and reflects the fact that antiprotons from the
beam are mainly scattered in the forward direction.
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Figure 18: Deposited energy as a function of the scattering angle ϑlab in the first silicon
layer at 120 MeV beam energy, for non–annihilating particles (left) and for annihilating
antiprotons (right). Signals below 0.5 MeV correspond to pion energy deposits, where pions
stem from the annihilation of antiprotons in the material. Only primary elastic events are
included.
The over–constrained elastic kinematics allows event reconstruction based on the two
scattering angles only. Energy information (precisely known only for stopped particles) is not
required. The deposited energies in the both layers at ϑ and φ make possible to reconstruct
the particle kinetic energy. The most important parameters (kinematically independent) to
describe the elastic scattering are φn, the angle between the normal to the reaction plane
and the y-axis, and ϑlab, the scattering angle. Reliable and precise reconstruction of these
parameters for each event makes it possible to measure any spin observable.
The reaction plane is reconstructed using 3D–coordinates of four silicon hits (two for each
scattered track) with deposited energies above threshold. The reconstruction algorithm is
based on the orthogonal regression method providing a parameter characterizing ’goodness of
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fit’ (χ2) and has been developed in order to define the expected uncertainties caused by the
multiple scattering and the energy losses.
From the measured count rates (or yields) at different beam and/or target polarizations,
the beam or target polarization can be extracted using the available analyzing powers (or spin
correlations, once measured) or vice versa. A powerful formalism to reconstruct polarization
observables from the measured yield in different spin–states of beam and target is the so–called
diagonal scaling method [89].
5.4.3 Detector performance: Acceptance and event rate estimate
An AD luminosity equal to 1027 cm−2s−1 = 1 mb−1s−1 is assumed here at all energies. (During
spin–filtering for two beam lifetimes, the initial luminosity, given in Sec. 3.3.2, has decreased
by about a factor 7.) The acceptance for elastic events is about 15%, resulting in an event
rate of the order of 10 s−1, see Table 3. The background due to antiproton annihilations
is estimated to be negligible (less than 10−4), since no background event survives out of
6 · 105 primary annihilations. In Fig. 19, the acceptance is shown as a function of the vertex
coordinate (z, along the beam) at 120 MeV beam energy. The triangular distribution of all
primary generated events corresponds to the density profile of the target gas.
parameter unit 43MeV 120MeV 220MeV
p¯p→ p¯p -accepted % of p¯p→ all 4.8 5.6 4.0
% of p¯p→ p¯p 14.5 17.0 12.0
reconstructed event rate events/s 12 10 5.8
’accepted’ background events % 0 0 0
Table 3: Acceptances, event rates and background contamination at the three considered
beam energies: 43, 120, and 220 MeV. The AD luminosity is taken to be 1027 cm−2s−1 =
1 mb−1s−1.
Proton and antiproton electromagnetic interactions with matter are the same. Therefore,
it is impossible to distinguish these two particles detected by silicon detectors if antiprotons do
not annihilate. This leads to p¯p mixing: Events with antiproton scattering angle ϑlab > π/4
are accepted through detection of forward protons. Thereby, the measured cross section
and analyzing power will be degenerated. On the other hand, the scattering cross section
dominates in the forward hemisphere which makes possible to measure the analyzing power
(which is also slightly degenerated).
Introducing ϑm as measured scattering angle of a forward particle in the c.m. system
ϑm = ϑ if ϑ < π/2, and ϑm = π − ϑ if ϑ ≥ π/2, and the measured cross section
σmo (ϑ
m) = σo(ϑ
m) + σo(π − ϑm) , (5)
and the analyzing power
Amy (ϑ
m) =
σo(ϑ
m)
σo(ϑm) + σo(π − ϑm)Ay(ϑ
m) +
σo(π − ϑm)
σo(ϑm) + σo(π − ϑm)Ay(π − ϑ
m) , (6)
we can deduce the beam polarization in the conventional way through Amy (ϑ
m) = εm(ϑm) ·P ,
where εm is the left–right asymmetry (σo and Ay are the corresponding true values depending
on ϑ, P is the beam polarization).
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Figure 19: Left panel: Event distribution as a function of the vertex z coordinate at
120 MeV for generated and reconstructed events. Right panel: Reconstructed event distri-
bution as a function of the scattering angle ϑlab at 120 MeV. The filled histogram (yellow)
shows the ideal case of truly identified antiprotons. The empty histogram (blue) shows the
real case when all tracks with ϑlab < 45
o are considered as scattered antiprotons. This leads
to a small p¯p mixing effect at low beam energy (see text for details). It should ne noted
that the distribution reflects also the non–uniformity of the geometrical acceptance in the
ϑm interval.
In Fig. 20, the model predictions of σo(ϑ) and Ay(ϑ) are shown (in blue) with σ
m
o (ϑ
m)
and Amy (ϑ
m) (in red) for 120 MeV beam energy. Evidently, the mixing effect changes the
measured cross sections and analyzing powers only weakly.
Therefore, we can measure the antiproton beam polarization using the degenerated ana-
lyzing power values for the forward scattered particles. In any case, the existing experimental
data on the p¯p elastic scattering cross section and the analyzing power allow us to to account
correctly for the influence of the mixing effect.
Since multiple scattering dominates the resolution at the considered energies, almost no
difference in the detector performance has been detected by reducing the strip pitch from
0.758 mm to 0.5 mm (see Table 4).
strip pitch mm 0.5 mm 0.758 mm
beam energy MeV 43 120 220 43 120 220
σϑlab degree 0.77 0.35 0.25 0.81 0.42 0.32
σφ degree 0.26 0.16 0.12 0.27 0.18 0.14
vertex σx = σy mm 1.90 1.35 1.20 2.05 1.47 1.35
vertex σz mm 0.34 0.19 0.14 0.35 0.21 0.17
Table 4: Reconstructed parameter uncertainties depending on strip pitch.
We conclude that the same detector can be used for measurements at COSY (pp elastic)
and at the AD (p¯p elastic), since the reconstruction of elastic scattering in pp and p¯p does not
differ; the acceptance of the detector for elastic events is of the order of 15%, resulting in an
expected rate for reconstructed p¯p→ p¯p elastic events around 10 s−1; antiproton annihilation
in the target environment as well as in the detector materials does not produce significant
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Figure 20: The model predictions [11, 12, 13] of σo(ϑ) and Ay(ϑ) are shown (in blue) with
σmo (ϑ
m) and Amy (ϑ
m) (in red) for 120 MeV beam energy.
background and can be ignored; the detector resolution is mainly defined by multiple scatter-
ing, and a strip pitch of 0.76 mm is adequate; with increasing energy the acceptance slightly
reduces (see Table 3), but p¯ versus p ambiguities are suppressed due to the dominating p¯
scattering at small angles, at higher energies, there is a smaller annihilation rate and less
track spread due to multiple scattering.
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6 Timing of activities
We suggest to organize the implementation of the experimental setup required for the mea-
surements proposed here in a number of consecutive phases. This approach ensures that
the regular AD operation for experiments using extracted beams is not adversely affected.
An outline of this sequence of phases is given below, a detailed description follows in the
subsequent sections.
1. Commissioning of the low–β section. Set up of the AD deceleration cycle with the new
insertion.
2. Commissioning of the experimental setup:
a) Machine acceptance and stacking studies
b) Measurement of the target polarization using antiprotons
3. Spin–filtering measurements with transverse polarization up to Tp¯ = 70 MeV using the
existing electron cooler.
4. Upgrade of the electron cooler to 300 keV. Set up of the AD deceleration cycle with
upgraded electron cooler.
5. Spin–filtering measurements with transverse polarization at Tp¯ = 50− 450 MeV.
6. Implementation and commissioning of the Siberian snake.
7. Spin–filtering measurements with longitudinal polarization at Tp¯ = 50− 450 MeV.
It should be noted that it is important for the collaboration that we obtain a go–ahead
from the SPS committee for the first three phases in order to set the chain of actions into
motion as soon as possible. We would like to emphasize that the funds available to us suffice
to carry out the measurements in phases 1–3. We are currently acquiring the additional
funding needed for the upgrade of the electron cooler and the construction of the Siberian
snake.
6.1 Phases of the PAX experimental program at the AD
6.1.1 Phase 1: Commissioning of low–β section
In phase 1, six quadrupole magnets will be installed in the straight section at 3 o’clock
(see Fig. 5) to provide the required small β–function to operate the polarized PIT. The
lattice calculations have been already reported in Sec. 5.2. To satisfy the requirements from
the calculations, two quadrupoles of the former CELSIUS ring in Uppsala and four spare
quadrupoles of the COSY ring at Ju¨lich are available to be installed at the AD. In order to
allow for the installation of the quadrupole magnets without negatively affecting the beamline
vacuum of the AD ring, as a first step, two gate valves shall be installed. The foreseen complete
setup of phase 1 is depicted in Fig. 21.
During phase 1, the central quadrupole of the AD section (QDN15) will stay in place and
dedicated machine studies will be devoted to the commissioning of the low–β section. It is
anticipated that the commissioning work can be carried out parasitically during 2010 without
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Figure 21: After the installation of two gate valves, six additional quadrupole magnets
will be installed in phase 1. During the commissioning of the low–β section, the central
quadrupole magnet QDN15 will remain in place.
devoting dedicated machine development time at the AD for this task. Together with the
quadrupole magnets, a set of four steerer magnets (2×horizontal and 2×vertical) and two
Beam Position Monitors (BPM) will be installed to control the machine orbit in the low–β
insertion. Because of spacial restrictions the steerer windings have to be mounted on the
yokes of the quadrupole magnets. The machine development shall ensure that the QDN15
can effectively be replaced by the combined function of the new quadrupoles and that all
regular AD operations can be accomplished without this magnet.
After the new magnets have been successfully commissioned, providing the usual AD op-
eration, additional machine development is necessary to operate the new quadrupole magnets
with minimal β–functions for the PAX experiment. The installation of NEG coated beam
tubes inside the additional six quadrupole magnets of the low–β insertion shall be carried
out at the same time when the magnets are installed, because additional pumping capac-
ity is needed. Ideally, after the machine development is accomplished, it should be possible
to switch the AD optics back and forth on short notice from the regular machine optics,
providing extracted beams, to the machine operation required by PAX.
If the new six quadrupole magnets would be installed in the coming winter shutdown
2009–2010, we estimate that one year of parasitic machine development would be sufficient.
The machine could then be ready at the end of 2010 for the new tasks involved in the
measurements proposed here.
6.1.2 Phase 2: Commissioning of the experimental setup
Once phase 1 is successfully implemented, the central quadrupole magnet QDN15 can be
removed without risk in the winter shutdown 2010/11 and the target chamber can be installed.
The experimental setup available at this point is shown in Fig. 22.
Phase 2 is composed of two parts. During the first part, in phase 2a, once the target
chamber is installed at the AD, two important machine aspects related to the measurements
proposed here can already be addressed without the PIT installed at the AD. The second
part, phase 2b, addresses first measurements using the polarized target.
• Phase 2a: Machine acceptance and stacking studies
1. It is important to determine the machine acceptance with electron cooled beam.
The technique we have established for this purpose is described in ref. [90]. It uses
a small movable frame to scrape the beam. The advantage over other methods is
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Figure 22: In phase 2, the target chamber replaces the central quadrupole magnet QDN15.
Two fast gate valves are mounted up– and downstream of the target chamber.
that it also yields a measurement of the machine acceptance angle at the location
of the target. This parameter needs to be precisely measured because it plays a
crucial role in the interpretation of the observed polarization buildup, as discussed
in Sec. 3.4. We estimate that these machine acceptance studies can be accomplished
with two weeks of dedicated machine development time.
2. The proposed measurements would greatly benefit from higher luminosities, as
already discussed in Sec. 3.3.2. Therefore, we suggest to explore at an early stage
what could be achieved through stacking of antiprotons into the AD. We estimate
that the stacking studies can be accomplished with two weeks of dedicated machine
development time.
The installation of the polarized internal target, the complete detector system, and the
BRP are foreseen to take place in the winter shutdown 2011/2012.
• Phase 2b: Measurement of the target polarization using antiprotons
These first measurements will address the determination of the target polarizations when
H is injected into the storage cell. We anticipate that three weeks will be sufficient to
accomplish this goal.
6.1.3 Phase 3: Spin–filtering measurements with transverse polarization up to
Tp¯ = 70 MeV using the existing electron cooler
After phase 2, the necessary requirements for the first polarization buildup studies at the AD
are fulfilled. The setup available at this point is shown in Fig. 23 (it was already shown in
Fig. 6).
Phase 3 will be carried out using transversely polarized beam produced by spin–filtering
using a transversely polarized H or D target. These studies can be carried out without any
modifications at the AD electron cooler at energies between 30 and 70 MeV. As shown in
Fig. 3, spin–filtering at lower energies, below 30 MeV, is not very effective because Rutherford
scattering is dominating the loss of beam particles. Unfortunately, the existing AD electron
cooler does not permit to provide electron cooled stored beam above about 70 MeV. It is
anticipated that six weeks of beamtime are sufficient to accomplish phase 3.
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Figure 23: Full installation foreseen in phase 3 at the AD. The atomic beam source is
mounted above the target chamber that houses the detector system and the storage cell.
The Breit–Rabi target polarimeter and the target–gas analyzer are mounted outwards of
the ring.
6.1.4 Phase 4: Upgrade of the electron cooler to 300 keV
The filtering experiments require to compensate multiple scattering in the target by electron
cooling. The present AD electron cooler is capable to provide electron energies of up to 30 keV,
corresponding to antiproton beam energies of 70 MeV. In order to carry out the proposed
measurements in the energy range between 50 and 450 MeV, the electron cooler at the AD
should be upgraded to about 300 keV. The upgrade of the electron cooler is anticipated to be
carried out during the winter shutdown 2012/2013. We anticipate that for the commissioning
of the electron cooler with beam about four weeks of machine development are necessary in
2013.
6.1.5 Phase 5: Spin–filtering measurements with transverse polarization at Tp¯ =
50 − 450 MeV
Once the energy range for the spin–filtering studies at the AD has been expanded through
the upgrade of the electron cooler up to beam energies of about 450 MeV, six week of beam
time in 2013 should be sufficient for the measurements using H and D targets.
6.1.6 Phase 6: Implementation and commissioning of the Siberian snake
In order to determine σ2, the stable beam spin direction has to be longitudinal at the position
of the PIT. Therefore, in the straight section opposite the PIT, a solenoidal Siberian snake
must be implemented (see Fig. 5). We have begun to investigate whether existing snakes can
be utilized or modified to be used at the AD. In any case, a careful machine study has to be
carried out before final conclusions can be reached. We anticipate that such a snake could be
available for installation into the AD during the winter shutdown 2013/2014.
Timing of activities 45
6.1.7 Phase 7: Spin–filtering measurements with longitudinal polarization at
Tp¯ = 50 − 450 MeV
With a Siberian snake, polarization buildup studies with longitudinally polarized target shall
be carried out in 2014. We anticipate that this phase requires about eight weeks of beam
time.
6.2 Anticipated time plan
Below, we give an approximate timetable for the activities outlined in the present proposal.
Phase Time Description
1 Shutdown 2009/10 Installation of six magnets for the low–β insertion, the cen-
tral quadrupole remains in place.
2010 Commissioning of the low–β section, carried out parasiti-
cally during (possibly extended) machine development ses-
sions.
2a Shutdown 2010/11 Installation of the target chamber.
2 weeks in 2011 Machine acceptance studies.
3 weeks in 2011 Stacking studies (split in sessions).
2b Shutdown 2011/12 Installation of ABS, BRP, and detector system.
2 weeks in 2012 Measurement of H target polarization with antiproton
beam.
3 6 weeks in 2012 Spin–filtering measurements using H and D target up to
70 MeV with transverse beam polarization.
4 Shutdown 2012/13 Shutdown possibly extended up to six months. Imple-
mentation and commissioning of electron cooler upgrade to
300 keV.
5 4 weeks in 2013 Commissioning of the electron cooler with beam
6 weeks in 2013 Spin–filtering measurements using H and D target up to
430 MeV with transverse beam polarization.
6 Shutdown 2013/14 Implementation of the Siberian snake.
7 8 weeks in 2014 Spin–filtering measurements with H and D target up to
430 MeV with longitudinal beam polarization, including
commissioning of the Siberian snake.
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